Blocking of IL-6 has been postulated to be an effective therapy in the pathogenesis of several inflammatory diseases. The current study was performed to examine the potential effects of alkamides isolated from P. longum and P. nigrum on IL-6 induced Stat3 activation and identify the structure-activity relationship of these alkamides in human hepatoma cells. Among 10 alkamides isolated from P. longum and P. nigrum, compounds 6, 7 and 9 were identified as strong inhibitors of IL-6 action, which inhibit IL-6 induced Stat3-dependent luciferase activities. These inhibitory activities were positively influenced by the presence of piperidine moiety.
Introduction
Interleukin-6 (IL-6) is a pleiotropic-circulating cytokine and exerts multiple effects on different systems, which are associated with immune responses. 1 Several studies have demonstrated that elevated IL-6 levels are associated with various inflammatory human diseases as well as cancers. Excess IL-6 production is present in rheumatoid arthritis and Crohn disease. [2] [3] [4] [5] Large quantities of IL-6 are found in human atherosclerotic plaques and IL-6 impairs endothelium-dependent dilatation in human veins in vivo. 6 Accordingly, effective antagonism of IL-6 could be therapeutically beneficial in respect to attenuating and protecting inflammatory human diseases.
The IL-6 receptor system consists of two components: a ligand-binding 80 kDa glycoprotein chain (IL-6R) and a signal transducing glycoprotein 130 (gp130). 7 IL-6 induces gp130 homodimerization after binding to its receptor, which leads to activation of the Janus kinase (Jak)/signal transducer and activator of transcription (Stat) signal transduction pathway. 8, 9 Especially, Activation of Stat3 is essential for the pro-inflammatory signals mediated by IL-6. [10] [11] [12] Therefore, inhibition of IL-6-activated Stat3 could be a good tool to screen effective therapeutic materials.
Piper longum (P. longum) and Piper nigrum (P. nigrum) are known as oriental medicinal plants and their fruits have been used for the treatment of cholera, dyspepsia, various gastric ailments, and arthritic disorders. 13 Particularly, various biological activities of an alkamide from these plants, including insecticidal, anti-bacterial, and anti-inflammatory properties, have been reported. [14] [15] [16] [17] Based on these reports, we could suspect that P. longum and P. nigrum may be biological response modifiers associated with various human diseases. In the previous reports, we showed that the alkamides isolated from P. longum and P. nigrum inhibited acyl-CoA:cholesterol acyltransferase (ACAT) and diacylglycerol acyltransferase (DGAT). [18] [19] [20] We also had proven that these alkamides inhibited the direct binding between leukocyte function-associated antigen-1 (LFA-1) and its ligands, intercellular cell adhesion molecule-1 (ICAM-1), which a These authors equally contributed to this work.
is very important in inflammatory responses. 21 In the current study, we investigated whether these alkamides have activities on IL-6 induced Stat3 activation. We also described the structure-activity relationship (SAR) of these alkamides as candidates for IL-6 inhibitors.
Experimental Section
The dried fruits of Piper longum (100 g) were extracted with MeOH (1 L) for 7 days at room temperature. The MeOH extract (32 g) were evaporated and suspended in distilled water and divided into two fractions with chloroform as non-aqueous phase. The CHCl3 extract (7.5 g) were chromatographed on a silica gel (1 kg) using step gradient of CHCl3-MeOH solvent system (100:0 -1:1, v/v) to give 8 fractions by TLC profile. F1 (3.86 g) was further fractionated using silica gel column chromatography (400 g) eluting with Hexane-EtOAc (50:1 -1:1, v/v) to give 8 sub-fractions. For further purification, F1-3 (400 mg) was successively separated by semi-preparative HPLC (YMC J' sphere ODS H-80, 4 µm, ø 20 × 150 mm; UV, 210 nm; flow rate, 4 mL/min) with MeOH-H2O elution (80:20, v/v) to yield 1 (29 mg), 5 (32 mg), 8 (8 mg) and 9 (11 mg).
The dried fruits of Piper nigrum (5 kg) were extracted with MeOH (10 L) at room temperature. The MeOH extract was evaporated in vacuo, yielding a residue (500 g). The residue was suspended in H2O (1.5 L) and extracted with CHCl3 (5 L). The CHCl3 extract (157.7 g) subjected to silica gel (600 g) CC using a gradient of hexane-EtOAc (50:1 -0:100, v/v) as eluant to yield 14 fractions (F1 ~ F14) by TLC profile. F10 (8. . This luciferase reporter construct contains TA minimal promoter with four tandem Stat3-binding sites. Cells were transfected with pStat3-Luc using transfection reagent lipofectamine plus (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. pRL-CMV encoding renillar luciferase was also transfected. After 24 hours at incubation condition, cells were performed starvation for 24 hours, and then treated with IL-6 (10 ng/mL) with or without compounds for 12 hours. Luciferase assay was performed with kit from Promega according to the manufacturer's protocol. Firefly luciferase activity was normalized to renillar luciferase activity. We also investigated effects of active compounds on the phosphorylation of Stat3 induced by IL-6 with western blot. Total proteins were prepared from cells and were subjected to Western blot 22 with primary rabbit anti-phospho Stat3 (Tyr 705 ) IgG, anti-total Stat3 IgG (1:1000). All experiments were performed three times. Data were expressed as mean ±SE. Statistical analysis was performed using SigmaPlot Statistical Analysis software.
Results and Discussion
To investigate IL-6 inhibitors from natural sources, we used a pStat3-Luc construct transfected into human hepatoma (Hep-G2) cells. HepG2 cells have been previously shown to express the specific IL-6 receptor. 23 The MeOH extracts of P. longum and P. nigrum were fractionated by repeated open-column chromatography on silica gel and ODS, LPLC and semi-preparative HPLC to afford nine alkamides (1-9), and they showed inhibitory effects on Stat3-dependent luciferase activities induced by IL-6. Compound 7 was isolated as colorless oil, which exhibited a UV spectrum with λmax at 260.5 and 305 nm. It exhibited a molecular ion peak at m/z 366 [M+Na] + in the ESI-MS and the molecular formula was determined as C21H29NO3. In the 1 H-NMR spectrum, the signals of two olefinic protons were shown at δ 6.03 (1H, dt, J = 15.9, 6.9 Hz, H-8) and 6.27 (1H, d, J = 15.3 Hz, H-9) and the methylenedioxy group was also shown the signal of a two proton singlet peak (δ 5.92, s). Moreover, the signals of six methylene protons and overlapping pro- ) and antitotal Stat3 IgG were performed on total protein (10 µg protein/lane). The experiment was performed three times.
tons of piperidine ring were observed at δ 2.16 -2.30 (4H) and 1.35 -1.61 (14H), respectively. Also, two broad singlet peak of piperidine ring (δ 3.38 and 3.54, each 2H, br s) were observed. The 13 C-NMR spectrum showed the presence of 21 carbons: one carbonyl carbon, one methylendioxy carbon, two olefinic carbons, six methylene carbons, carbon of piperidine and benzene ring. On the basis of these data, 7 has one olefinic group adjacent benzyl group instead of carbonyl group, its structure was identified as piperrolein B by comparison with the published data. 16 Also, nine known compounds were identified as retrofractamide C (1), pipercide (2), pellitorin (3), dehydroretrofractamide C (4), guineensine (5), dehydropipernonaline (6), (2E,4Z,8E)-N-[9-(3,4-methylenedioxyphenyl)-2,4,8-nonatrienoyl] piperidine (8) and pipernonaline (9) via comparisons with previously published data. [18] [19] [20] As shown in Figure 1 , they can be divided into two groups: those with isobutyl (1-5) and piperidine moieties (6-10), all of which have 3,4-methylenedioxyphenyl and carbonyl groups. But compound 3 which possesses an aliphatic acyl group instead of a 3,4-methylenedioxyphenyl group. Whereas compounds 2, 3, 5, 6, 8 and 10 have conjugated dienamide groups, compounds 1 and 9 have conjugated monoenamide groups, and compounds 4 and 7 have non-conjugated amide systems.
Ten alkamides were tested for inhibitory effects on Stat3-dependent luciferase activities induced by IL-6. HepG2 cells were stimulated with IL-6 (10 ng/mL) for 12 hours in the presence or absence of compounds. This activity was verified using genistein as a positive control, which inhibited Stat3-dependent luciferase activity with an IC50 value of 15 µM in this assay system. The biological data for alkamide derivatives 1-10 has been shown in Table 1 and dose-dependent effects of compound 6 and 7 which have strong inhibitory effect on IL-6 induced Stat3 activation in Figure 2 . Compounds 1, 2, 4 and 5 having isobutyl amide moiety was less potent in the inhibition of IL-6-induced reporter gene assay. However, compounds 6-10 substituted with piperidine amide group showed potent inhibitory activity for IL-6-induced reporter gene assay. Compound 3 also showed moderate activity. Above all, compound 7 having one trans double bond at C-9 position showed potent inhibitory activity with IC50 value of 3.04 µM. Whereas, the analogues 6 and 9 having two and three trans double bond moieties between 3,4-methylenedioxyphenyl and piperidine amide showed slightly less potency with IC50 value of 4.84 and 5.23 µM, respectively. The compound 8 involving cis and trans conjugated double bond at C-3 and C-5 showed less potent inhibitory activi- These results explained that the inhibitory activity may be affected by the decrease of double bond at C-3 and C-9 position. In addition, 'trans' form of these compounds might exert some influence on IL-6-induced inhibitory activity, as compound 6 had the more potent activity than 'cis' form of compound 8. And then, compound 10 having four carbon between 3,4-methylenedioxyphenyl and piperidine amide led to decrease in 9-fold less potency compared to compound 9 having eight carbon. Also, compounds 2 having ten carbon showed slightly less potency and compound 5 having twelve carbon showed no inhibitory activity compared with compound 1 having eight carbon. It indicates that the eight carbon chain between the 3,4-methylenedioxyphenyl groups and piperidine amide can confer a potent inhibitory effect on Stat3-dependent luciferase activities induced by IL-6. Compound 3 substituted with aliphatic acyl group possessing trans conjugated bond showed moderately inhibitory activity with IC50 value of 15.38 µM. In brief, IL-6-induced inhibitory activities of alkamides were positively influenced by the presence of piperidine moiety. All compounds tested have no cytotoxicity in HepG2 cells with MTT assay (data not shown). Since phosphorylation of Stat3 is necessary for its activation by IL-6, we confirmed effects of active alkamides on the phosphorylation of Stat3 induced by IL-6. As shown in Figure 3 , tyrosine phosphorylation of Stat3 was induced by IL-6 treatment for 20 minutes, and it was inhibited by pretreatment with compound 6, 7, and 9, which are consistent result with inhibitory effect on Stat3-dependent luciferase activity. Based on these results, several alkamides from P. longum and P. nigrum could be good candidates for the therapeutic strategy of inflammatory diseases and the SAR study could be basis for the design of specific and enhanced IL-6 inhibitors.
Conclusion
In the present report, we provide the novel finding that several alkamides isolated from P. longum and P. nigrum have inhibitory effects on the Stat3 activation induced by IL-6 in hepatoma cells. The presence of piperidine moiety affects the inhibitory activity of these compounds on Stat3-dependent luciferase activities and on the phosphorylation of Stat3 induced by IL-6. This report suggests that understanding the AR of alkamides from P. longum and P. nigrum on the inhibitory effect of Stat3 activation induced by IL-6 could be a useful therapeutic strategy in the inhibition of IL-6 inflammatory action.
